Shielding Design Objective
The Department of Energy's (DOE) basic occupational exposure limit is 5 rem per year (DOE 81). However, in applying the ALARA ("as low as reasonably achievable") philosophy, one must strive to maintain exposures below this limit. In particular, the DOE guidance in the same document states that the ALARA design objective for new facilities is to limit exposures to one-fifth of 5 rem per year (-0.5 mrem/h for a 40-h work week). An additional ALARA guideline proposed in 1984 (DOE 84) is that predicted exposures to individual members of the public should not exceed 25 mrem per year. These dose limiting objectives have been used as the basis for the shielding design estimates for the normal operations of the facility.
Types of Radiation Considered
Depending upon the positron energy and beam characteristics, a number of radiation products need to be considered. High-energy positrons or electrons produce electron-photon cascades or showers when deliberately or accidentally stopped in materials. These electromagnetic showers give rise to a spectrum of bremsstrahlung photons with energies ranging up to the incident particle energy, in addition to releasing more electrons and positrons. This component of the radiation field is referred to as bremsstrahlung (BREM) radiation and can lead to photon radiation fields outside of the shield. The radiation originating in the shower is highly peaked in the forward direction of the positron beam. However, the transverse component is still significant and cannot be neglected. As the energy of the positron beam increases, three other component radiations need to be considered. The first of these components is the Giant Resonance Neutrons (GRN) produced by photonuclear interactions (threshold energy ~7-20 MeV). This component has an average effective energy of about 2 MeV and is emitted almost isotropically. As the positron energy moves above several hundred MeV, high-energy neutrons ()100 MeV) and muons are also produced. Considering a maximum energy of 7.7 GeV, and an upper limit of 0.3A for the current, the muons are of minimal importance, since their production rate is still small and they are highly peaked in the forward direction (FAS 84). The high energy neutron component (HEN) is not isotropic, but in many shielding situations, only the neutron radiation field in the transverse direction is important. All these radiations have been considered under appropriate conditions to estimate the shielding requirements.
In addition to the above radiations which arise when positrons interact with matter, other photon radiation, referred to as synchrotron radiation, is produced when positrons are bent in magnetic fields. This radiation is generally in the keV region for the APS and is greatly attenuated by the vacuum chamber itself. The presence of shielding for the abovementioned radiation components assures that synchrotron radiation which escapes the vacuum chamber will also be adequately shielded by the tunnel.
Radiation Attenuation Parameters
Information on the attenuation of bremsstrahlung, giant resonance neutrons, and the high-energy component by various shielding materials was obtained from the literature. For a given material, one discovers a spread in the quoted values for the attenuation lengths for a given type of radiation. A variety of references which discuss these attenuation lengths have been reviewed, such as ALS 73, BAT 67, BAT 70, DIN 77, FAS 84, NEL 68, SWA 79, SWA 85, TES 79 and others. In all cases, we have attempted to use conservative values for the attenuation lengths in order to provide a margin of safety. The following ----J-----for the completely unshielded bremsstrahlung component.
These factors refer to unshielded dose rates at 1 m in the transverse direction to the positron beam. As noted, in the absence of any shielding, the bremsstrahlung component will include a soft radiation component (e-and e+), which is generally neglected since the above factors assume that sufficient shielding is present to assure attenuation of the particle component, ~ 25 cm of concrete (DIN 77).
In the forward direction with respect to the positron beam 
The total dose rate is 0.25 mrem/h, which is within the design guidelines.
Positron Converter
The power loss in the positron converter is significantly higher component by a thickness of iron, followed by a certain thickness of hydrogenous media, is approximately equal to the attenuation afforded by a total thickness of hydrogenous material equal to the thickness of the iron plus the hydrogenous medium. In this case, the total dose rate, 1.07 mrem/h, exceeds the design goal. However, since the operational time for injection will be less than 20% of the total operation time, the average dose rate will be < 0.21 mrem/h. With the addition of localized shielding, dense polyethylene and/or lead, around the converter target, the total dose rate outside of the Linac tunnel can be reduced to within the guideline « 0.5 mrem/h).
Positron Linac
In the positron Linac, the power losses are down significantly due to the reduced positron current and the suggested 2 m of concrete shielding is adequate. This shielding also stops the scattered radiation in the forward direction which results from electrons and photons produced by interactions in the tungsten converter target. The total dose rate of 5.06 mrem/h is above the guidelines. With the addition of 10 cm of lead shielding at high loss points, the bremsstrahlung dose rate will be reduced to 0.04 mrem/h. Assuming a 20% operational time for injection results in a remaining average dose rate of about 0.15 mrem/h. As an alternative, for the addition of 10 cm of dense polyethylene, in addition to the lead, at high loss points, the total dose rate will be reduced to about 0.3 mrem/h.
Except for the injection and extraction areas, the shielding for the synchrotron consists of 0.3 m of concrete on the sides and roof of the tunnel, supplemented by earth berms to achieve an equivalent shield of 0.8 m concrete.
Accidental Loss of Beam in Booster
For this case, consider a point loss of the positron beam (S x 10 e+ at 7 GeV) along the circumference of the synchrotron ring (367 m).
Assuming the distance of closest approach is 3.S-m and 0.8-m concreteequivalent shielding, the dose per occurrence would be: The total dose rate is SO.8 mrem/h. Addition of 20 cm of lead at high-loss points would reduce the bremsstrahlung dose rate to 0.38 mrem/h. Adding 2S cm of dense polyethylene at these same high loss points would reduce the GRN and HEN dose rates to 6.S x 10-2 and 2.28 mrem/h, respectively. For an assumed extraction time of about 20% operational time, the average total dose rate will be reduced to the design goal. The additional lead and dense polyethylene will be required only at the high-loss points of the extraction system, such as at septum, bump, or other bending and focusing magnets. The total dose rate is 3.93 x 10-2 mrem/h, which is within the guideline.
According to Swanson (SWA 85) , the results are good to within about a factor 
Scattered Bremsstrahlung into aBeam Line
In addition to the lead shutters in the photon beam lines, lead collars which surround the photon beam tube will need to be installed to insure that any scattered bremsstrahlung radiation is intercepted by 10 cm of lead shielding. These lead collars must be strategically placed around the beam pipe and be of sufficient length to block all optical paths except that between the positron orbit and the beam tube aperture.
Dose Rates in Module Experimental Areas
The dose rate in the module experimental areas was computed with the aid of Fig. 5 which shows the various dose contributes outside the ring at different distances, assuming uniform beam loss around the circumference. For the module areas, a nominal distance of 22.8 m was used for the distance of closest approach and a beam mean lifetime of 10 h was assumed. The energy loss rate for these conditions is 1.3 J/h·deg. Using the dose components from The total dose rate of 3.1 j.Jrem/h is well within the guideline.
Direct Radiation Dose Rate
The direct radiation dose rate versus distance from the positron orbit is shown in Fig. 6 for the assumption of a 0.3A positron beam of 7 GeV and 0.8 m of concrete shielding. The circumference of the orbit is 1060 m and a 10 h mean lifetime for the beam was assumed.
Dose to the Public
Assuming a minimum distance of 220 m to the nearest site boundary, and a total operation time of 8000 h per year, the site boundary annual dose is found with the use of Fig. 6 to be 1.2 mrem due to direct radiation.
The skyshine contribution due to the high energy component was Values of the source strength Q were computed based upon the yield (0.12 n/e) given by Bathow, et ale (BAT 67) 
For r = 220 m 4 2.2 x 10 cm, the above gives a dose rate of 1.04 ~rem/h.
Assuming 8000 h operation, gives an annual dose of about 8.3 mrem. The total projected annual dose at 220 m from the positron orbit (at the nearest-site boundary) is on the order of 10 mrem/y, which is also within the guidelines.
Computations have also been made for the direct and skyshine contributions out to 5 km. These results can be found in LS-84 (MOE 87 ,-1 .
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